An oligoribonucleotide (a 27-mer) that mimics the sarcin͞ricin (S͞R) domain of Escherichia coli 23S rRNA binds elongation factor EF-G; the K d is 6.9 M, whereas for binding to ribosomes it is 0.7 M. Binding saturates when EF-G and the S͞R RNA are equimolar; at saturation 70% of the input RNA is in complexes with EF-G. Binding of EF-G to S͞R RNA does not require GTP but is inhibited by GDP; the inhibition by GDP is overcome by GTP. The effects of mutations of the S͞R domain nucleotides G2655, A2660, and G2661 suggest that EF-G recognizes the conformation of the RNA rather than the identity of the nucleotides. EF-G also binds to an oligoribonucleotide (an 84-mer) that has the thiostrepton region of 23S rRNA; however, EF-G binds independently to S͞R and thiostrepton oligoribonucleotides.
The adoption of a reductionist approach to the studies of the structure and the function of the ribosome, referred to as the ribosome-in-pieces, is a concession that the intact particle is too large and too complex to be amenable to direct analysis. The alternative that we have had recourse to here is to use a small part of the organelle. This strategy requires, for its success, that the ribosome domain of interest retain, in isolation, a relevant structure and a relevant function.
The elongation factor EF-G, in a complex with GTP, binds to the ribosome and catalyzes the translocation of peptidyltRNA from the A site to the P site (1, 2) . There are threedimensional structures of EF-G alone (3) and in a complex with GDP (4) from x-ray crystallography; however, little is known of the chemistry of the binding of the factor to ribosomes. There is evidence for the interaction of EF-G with two separate sites in Escherichia coli 23S rRNA: with the thiostrepton region (5) (6) (7) (8) (9) (10) (11) and with the sarcin͞ricin (S͞R) domain (11, 12) .
The S͞R region of E. coli 23S rRNA (nucleotides 2646-2674), which includes a near universal sequence of 12 nucleotides (2654-2665) (13) , is in secondary structure cartoons a stem-loop ( Fig. 1A and B) ; however, the three-dimensional structure, determined by NMR spectroscopy (refs. 14 and 15 and K. Seggerson and P. Moore, personal communication), reveals a more or less continuous helix with a GAGA tetraloop (nucleotides 2659-2662) and a bulged G2655 (Fig. 1C) . The domain is the site of action of cytotoxins of two types: sarcin (16) , an RNase that cleaves the phosphodiester bond on the 3Ј side of G2661 (17) ; and pokeweed antiviral protein, a ricin-like RNA N-glycosidase that catalyzes the depurination of the 5Ј adjacent A2660 (18) . The ribotoxins catalyze only these single covalent modifications, which inactivate the ribosome and account entirely for their toxicity.
The effect of the toxins is de facto evidence that the domain is crucial for ribosome function; crucial, it has been established, because the domain is involved in elongation factor EF-Tu (or EF-1)-dependent binding of aminoacyl-tRNA to ribosomes and elongation factor EF-G (or EF-2)-catalyzed GTP hydrolysis and translocation. The conclusion derives from a series of compelling observations: that in eukaryotes these are the partial reactions of protein synthesis that are most adversely affected by the toxins (19) (peptidyltransferase activity, for example, is not affected); that the S͞R domain is the binding site for elongation factors (12) ; and that EF-Tu and EF-G protect four nucleotides in the S͞R domain from chemical modification (11) .
MATERIALS AND METHODS
Radioactive oligoribonucleotides were synthesized from synthetic DNA templates with phage T7 RNA polymerase in the presence of the four nucleoside triphosphates (supplemented with [␣-32 P]ATP) (20, 21) . The S͞R RNA (a 27-mer) has nucleotides 2648-2672 of the E. coli domain and two additional 5Ј guanosines. The thiostrepton RNA (an 84-mer) has nucleotides 1036-1119 of the E. coli domain. The RNA was purified by gel electrophoresis and renatured as described before (20) . Physically and enzymatically homogeneous EF-G was prepared from E. coli cells as described by Rohrbach and Bodley (22) ; the purified protein migrated as a single band when analyzed by electrophoresis in SDS͞polyacrylamide gels. The binding reaction contained the following: EF-G (the concentration is in the figure legends); 10 M oligoribonucleotide; 5 mM Tris⅐HCl (pH 7.6); 2 mM MgCl 2 ; 12.5 mM NaCl; and 10% polyethylene glycol 8000. Incubation was for 10 min at 37°C. Samples were cooled for 10 min at 0°C and binding of EF-G to oligoribonucleotides was assessed by electrophoresis in nondenaturing polyacrylamide gels at 20 V͞cm (23). The gels were dried and exposed to x-ray film; quantitation of binding was with imaging plates and a BioImaging Analyzer (Fuji, model BAS 2000) using the program MACBAS (Fuji Photofilm). The K d for binding was determined by gel retardation; the concentration of EF-G in these experiments was 20 M and the concentration of the oligoribonucleotide was varied from 1 M to 200 M. The extent of complex formation (the intensity of the band on the gel) was determined with a Fuji Photoimager. The K d for binding of EF-G to ribosomes was determined by nitrocellulose filtration (24) . The reaction mixture contained 50 mM Tris⅐HCl (pH 7.6), 15 mM MgCl 2 , 100 mM NH 4 Cl, 1 mM fusidic acid, 1 mM The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
RESULTS AND DISCUSSION
Stable binding of EF-G to 23S rRNA has not heretofore been demonstrated. There is evidence (see above) that the S͞R region constitutes at least a portion of the EF-G-binding domain. For this reason an oligoribonucleotide (a 27-mer) that mimics the sequence of nucleotides and the structure of the S͞R region of E. coli 23S rRNA was synthesized and the binding of EF-G to the RNA was assessed in a gel-retardation assay (Fig. 2) . EF-G binds to the S͞R oligoribonucleotide and binding is concentration dependent. At 10 M EF-G, which approximates the cellular concentration, the binding is near maximal; binding saturates when EF-G and the RNA are equimolar (10 M here); at saturation, 70% of the RNA is in complexes with EF-G (Fig. 2B) . The K d for the binding of EF-G to the S͞R oligoribonucleotide is 6.9 M; the K d for binding to ribosomes is 0.7 M ( Table 1 ). The binding of EF-G to the S͞R oligoribonucleotide is specific: there is no binding (Fig. 3) . It is possible that EF-G is in a conformation favorable for binding to ribosomes even in the absence of GTP or that the S͞R RNA induces the favorable conformation. Binding to the S͞R RNA is all but abolished by GDP (Fig. 3) , a result more in conformity with what occurs physiologically. The antibiotic fusidic acid does not affect binding, neither by itself nor in the presence of either GDPNP or GDP (results not shown). The inhibition of binding by GDP suggests that it induces a conformation of EF-G that is not compatible with stable association of the factor with the S͞R RNA and that GTP displaces GDP from EF-G (this G protein has no known nucleotide exchange factor), thereby removing an impediment to binding without itself having a direct affect on EF-G conformation. If this explanation has validity, then GDPNP should overcome the GDP inhibition of the binding of EF-G to S͞R RNA. A test gave results that conform to the prediction: GDPNP relieves the GDP inhibition of the binding of EF-G to S͞R RNA (Fig. 3) .
The K d for the binding of EF-G to an oligoribonucleotide (a 29-mer) that reproduces the sequence of the eukaryotic S͞R region (E73 in Table 1 ) is the same as with the prokaryotic S͞R RNA; this suggests conservation of the structure and of the function of the domain. However, EF-G does not sustain protein synthesis by eukaryotic ribosomes; we presume this is because the ribosomal proteins interfere with the binding of the factor. There is a precedent: ricin A-chain does not affect E. coli ribosomes but the toxin catalyzes the specific depurination of A2660 in naked 23S rRNA (25) .
Three of the S͞R region nucleotides, G2655, A2660, and G2661 (cf. Fig. 1B) , are protected from chemical modification by the binding of EF-G to 70S ribosomes (11) and are presumptive RNA identity elements for the factor, although protection by a ligand from chemical modification does not of necessity connote a direct interaction. Oligoribonucleotides having deletions, transversions, and transitions of these three purines were constructed, and the effects of the mutations on the binding of EF-G were assessed (Fig. 4 and Table 1 ). The nucleotide most critical for binding of EF-G to the S͞R RNA is G2655; deletion, or transversions to C or U, abolish EF-G binding; a transition to A increases the K d by almost an order of magnitude. The deletion of A2660 also abolishes binding, but neither transitions nor a transversion of the nucleotide affect the interaction. Finally, only the deletion of G2661 significantly affects binding. These results suggest that it is the conformation of the S͞R region RNA rather than nucleotide identity that conditions recognition by EF-G.
There is evidence that the thiostrepton region of 23S rRNA (around A1067; cf. Fig. 5A ) is involved in EF-G-dependent functions (5) (6) (7) (8) (9) (10) (11) . Thiostrepton, an antibiotic that inhibits binding of EF-G to ribosomes (5), binds to a 23S rRNA fragment that has A1067 (26); in addition, methylation of the 2Ј-hydroxyl of A1067 confers resistance to thiostrepton in strains of Streptomyces aureus (6) . EF-G has been cross-linked to 23S rRNA in the vicinity of A1067 (7), and EF-G bound to 70S ribosomes in the presence of fusidic acid or of GDPNP protects A1067 and to a lesser extent A1069 from modification with dimethyl sulfate (11) . It is also significant that the ribosomal proteins L11 and L7͞L12, which have been implicated in functions of the elongation factors that require the hydrolysis of GTP, bind in (L11; ref. 6), or near (L7͞12; ref. 10), the A1067 region.
EF-G binds to a thiostrepton region oligoribonucleotide (an 84-mer; nucleotides 1036-1119 of 23S rRNA), and the extent of the binding is dependent on the concentration of the factor (Fig. 5 B and C) but is less efficient than binding to S͞R RNA (compare Fig. 2B and Fig. 5C ). When they are equimolar (10 M), 22% of the thiostrepton RNA is in a complex with EF-G (Fig. 5C) Table 1 for the dissociation constants.
thiostrepton region RNA (a 30-mer that has nucleotides 1054-1081).
EF-G binds independently to S͞R and thiostrepton oligoribonucleotides (Fig. 6) ; as much as a 10-fold excess of nonradioactive S͞R RNA (100 M) does not affect the binding of EF-G to 10 M radioactive thiostrepton RNA (Fig. 6 A) , nor does 50 M nonradioactive thiostrepton RNA affect binding of EF-G to 10 M radioactive S͞R RNA (Fig.  6B) . As expected, nonradioactive S͞R and thiostrepton RNAs decreased binding of EF-G to the corresponding radioactive species (results not shown). The results suggest that different EF-G domains associate with the two regions of 23S rRNA. Although the S͞R and thiostrepton regions are distant in the primary and secondary structures of 23S rRNA, it is assumed that they are close in the tertiary structure and that together they constitute a single EF-Gbinding domain. The preeminent question is whether either or both of these rRNA sites contribute more than factor binding to the biochemistry of protein synthesis; specifically, whether EF-G initiates a conformational change in the rRNA that drives translocation (27) .
The results mark the achievement of an important goal: the demonstration of a relevant function of a small ribosome piece. There is significant specific binding of EF-G to relatively small fragments of rRNA; for example, the S͞R RNA has 27 nucleotides (only 0.6% of the 4,566 in 70S ribosomes) and lacks ribosomal proteins, yet the K d for the binding of EF-G is within an order of magnitude of that for the binding to intact ribosomes. It should be possible now to learn more of the chemistry of the interaction of EF-G with its rRNA binding site and, perhaps, something of the functional consequences of the binding. 
